In order to improve the conditions for utilization of Shape Memory Alloys (SMAs) in engineering design, the engineering design process and the shape memory effect have been studied from the viewpoint of the engineering designer. Further, the maturity of the SMA technology has been evaluated according to a common evaluation technique denoted the technology readiness assessment. The results obtained in this paper confirm that SMAs introduce unacceptable uncertainties in the engineering design process. It is shown that the SMA technology is still not sufficiently mature to be utilized in engineering design. Based on the requirement that the SMA technology must be upgraded to a level satisfying the conditions set by the technology readiness assessment, this paper presents fundamental objectives for future research involving a closer collaboration between researchers from the fields of material technology and engineering design.
INTRODUCTION
Although it is 65 years since the young Swedish Rockefeller Scholarship holder Arne Olander [I] first reported his observations of unusual "rubber-like" properties in a goldxadmium alloy, it is first during the last decades that Shape Memory Alloys (SMAs) have been subjected to major research activities. So far, the research mainly has been focused on metallurgical problems concerning relations between stress, strain and temperature, as well as stability and materials processing. Despite the fact that major efforts have been made to utilize the shape memory effect in engineering design, remarkably few products are commercially available.
A few years ago, an information and knowledge inventory study on the utilization of SMAs in engineering design was started at the Department of Machine Design, Lund Institute of Technology. In a preliminary study, Abrahamsson [2] found that information and knowledge regarding SMAs are either lacking or not available in a form that fulfills the needs of the engineering designer. These findings were later confirmed by the results of an international survey by Abrahamsson and B j b e m o [3] . The results verified the need for better information and knowledge of SMAs -as well as a need for complementary design tools. As a result of these findings, Bjarnemo and Burman [4] demonstrated an implementation procedure for modelling the shape memory effect in a general finite element code.
In an application study, Mprster [5] showed that the selection of SMA must be performed at an early stage of the design process, to fully establish the working principle of the product to be. In a study by Burman et al.
[6], it is shown that in order to facilitate a clear understanding and modelling of the working principle, complementary design tools, supporting the non-linear and time dependent properties of functional (intelligent) materials like SMAs, should be implemented at an early stage of the engineering design process.
Motivated by the findings from these studies, the main objective of this paper is to contribute to an increased use of SMAs by focusing on the needs of the engineering designer. The secondary objective is to investigate in which direction the development of the SMA technology ought to be directed in order to facilitate the needs imposed by the engineering design process.
The paper is structured into five sections. In order to get a basic understanding of the design related behavior of SMAs, the engineering design process is described in the light of common design procedure models in section 2. Based on the survey by Abrahamsson and B j b e m o [3], the requirements for increasing the use of SMAs as identified in industry and by researchers in the field, are outlined in section 3. In section 4, a discussion is given on what actions should be taken in order to contribute to the maturity of the SMA technology. The final section summarizes the findings of the paper.
THE ENGINEERING DESIGN PROCESS
Accelerating demands on companies to launch new and better products faster, with higher quality and at lower cost, are forcing most companies to use efficient approaches to the engineering design process (design process for short). This implies that the design of a mechanism based on the shape memory effect cannot be separated from the design of the product in which the mechanism is to be utilized.
In the study by Burman et al. [6] it is argued that, unlike conventional engineering materials, functional materials like SMAs do not only possess the ability to perform a passive function (i.e. supporting, stiffening or connecting) but also an active function (i.e. changing shape or material properties). This indicates the possibility that one single shape memory element could fulfil the same task as an assembly of several mechanical components. In the given context, the active function is in focus. To facilitate the understanding and modelling of the shape memory behavior, it should be noted that the close links between shape, dimension and material properties must be fully determined in order to define the active function of interest.
General aspects of the engineering design process
During the last decades, major efforts have been made to provide general systematic approaches to the design process by means of design procedure models, such as the ones by Asimov [7] [ll] , and Ullman [12] . A common denominator in these models is the structuring of the design process by means of phases, which in turn are decomposed into basic sub-activities. The models give the designer powerful tools to plan what to do and when to do it. Although the sequences of subactivities in the phases might differ significantly between different models, the majority of these are based on problem solving concepts involving the sub-activities of analysis, synthesis, evaluation, decision making and implementation.
The design process is a learning process, ranging from the abstract formulation of the design task to a concise description of the product to be. Starting at a low level of knowledge, the designer systematically gains increased knowledge of the product when performing each phase. Throughout the process, the conception of the product transforms from an idea to a physical product by way of mental, verbal, analytical and graphical models. Similarly, the design techniques and design methods utilized change from qualitative to quantitative.
During the design process, the design freedom is gradually decreased by decisions made by the designer. Simultaneous with the evolution of increased insight and understanding of the design task and its potential solutions, economical resources are consumed. As the understanding and knowledge of the design problem is low in the early phases, there always is a risk that wrong decisions might occur. A wrong decision in the early phases might be fatal to the outcome of the process if not discovered and changed through an iteration back to the phase in which the wrong decision was made. Obviously, such decisions should be avoided. Therefore, decisions regarding fundamental issues, such as the working principle of the product, must be made early in the process, whereas decisions regarding the selection of materials, form and dimensions are made at later stages.
Utilization of SMAs in engineering design
Early in the design process the designer creates a number of working principles based on different technical solutions (i.e. solutions based on hydraulics, pneumatics, and the shape memory effect), from which the best concept is to be selected through evaluation against the criteria established at the beginning of the design process. Hereby, the designer needs to perform some preliminary analysis. However, the worthiness of design concepts utilizing SMAs cannot be assessed without first determining the material properties, the shape, and the dimensions of the selected alloy. Consequently, to be able to analyze a working principle in which the shape memory effect is utilized, the designer needs to significantly increase his or her understanding of those factors which control the behavior of the SMA.
Obviously, this does not favour the utilization of SMAs in engineering design. To obtain these insights, the designer presently has to rely on experimental investigations which are both time and cost consuming. The obvious risk facing the designer is that the desired function cannot be accomplished by utilizing a working principle based on the SMA technology. In order to avoid this risk, a natural decision by the designer is to reject the SMA concept without even investigating it, for the benefit of a concept based on a more conventional technology.
REQUIREMENTS FOR FACILITATING THE USE OF SMAs
The international survey previously mentioned was performed in two steps. In the first step a questionnaire, focusing on SMAs and SMA applications, was distributed to 135 addresses (researchers, engineers, companies and institutes with interest in SMAs) in 16 countries. Important questions were in what kinds of activities and applications SMAs were used and how the products were developed.
Replies were received from 53 addresses (39 %). To those who answered the first questionnaire, a second questionnaire was sent in order to establish what knowledge and information was available when using SMAs in engineering design. Especially, what problems did the choice of SMA technology introduce in the design process as well as in the subsequent life phases of the product?
The results of the survey indicate that a large series of requirements must be fulfilled to benefit an increased use of SMAs in engineering design. With respect to requirements concerning information, material, performance, design tools, operation and standardization, the findings are presented in table 1. An interesting result of the study was that only a few of the participating companies had made any attempt at formalizing design methods or techniques for SMAs. The documentation available on product development projects involving SMA-based products was rather poor. A common problem was that the material seldom behaved as specified by the manufacturer -especially in those cases where the SMA was manufactured simultaneous with the development of the product in which the SMA was to be utilized. The latter seemed to happen rather often. In general, the information offered by the manufacturer proved to be insufficient and unreliable. Also, the study clearly indicated that the knowledge about how to make use of SMAs in engineering design was insufficient and that the availability of proper design tools was poor. Apart from the fraction of information available in literature, most information and knowledge of SMAs seems to come from own practice. Only three of the answers indicated that no additional knowledge was desired.
Even though many participants in the survey were involved in product development projects, in which SMAs were utilized, the requirements identified in table 1 support the assumption that research on shape SMAs has been performed with focus on metallurgical aspects. Although communication is frequent between engineering designers and manufacturers of alloys, the results obtained indicate that cooperation between researchers from the fields of material technology and engineering design is very rare, if existing at all. If we aim to facilitate an increased use of SMAs in engineering design, the need for collaboration is urgent.
DISCUSSION
In order to investigate which actions should be taken in the development of a SMA technology more properly benefiting utilization in engineering design, the maturity of the SMA technology is discussed below according to an evaluation technique by Ullman 1121 and the findings reported in the previous sections.
Evaluation of the SMA technology
In engineering design it is important that the technology to be utilized is sufficiently mature so that the fulfillment of the product task becomes a design issue and not a research topic. Utilization of immature technologies might result in unreliable products of low quality. According to Ullman's technology readiness assessment [12] , a technology is mature and ready to be employed in a product when the following conditions are satisfied:
1. The product must be manufactured with known processes. 2. The critical parameters that control the function must be identified. 3. The safe operation latitude and sensitivity of the parameters must be known. 4. The failure modes have to be identified. 5 . Hardware that verifies that the above four items are fulfilled must exist. 6. The technology must be controllable throughout the lifetime of the product.
None of the conditions outlined above are fully satisfied for the SMA technology. The first condition is poorly satisfied -SMAs can be manufactured with known processes, but the material properties are not sufficiently exact and reliable to be used in a design process without preceding, time-consuming and expensive, material tests. This seems to be due to sensitivity to the chemical composition, to the production process and to the subsequent processing.
The second condition says that parameters critical to a safe operation of the product must be known. To some extent this is satisfied -there do exist a general knowledge about the dependence between the most critical parameters (i.e. temperature, dimensions, and chemical composition) and functions depending on stresslstrain relations, hysteresis and fatigue. However, this knowledge is mainly empirical and based on extensive tests. There are only a few theories available that can be used for analysis purposes in engineering design. This statement is also valid for the third and fourth condition. In most cases, only qualitative information or very rough data for certain loading conditions are available on safe operating latitudes during the life of operation for SMAs. A Failure Mode and Effect Analysis (FMEA) is a technique for assessing the consequences of different failure modes. Failure modes are changes of operation conditions or errors made during design and manufacturing that can lead to failure of the product. To identify the failure modes and what actions to take, reliable relations between changes, errors and product operation must exist. As previously argued, the availability of such relations is poor within the SMA field.
Only a limited number of applications have proven successful on the market. In general, these are single cycle applications (i.e. pipe couplings and connectors) or applications utilizing only a fraction of the operation range available. In spite that these applications satisfy condition 5, the development of these products is based on major research activities and testing efforts for a specific application. Therefore, these products cannot be used as a foundation for development of new products. This implies that condition 5 by itself is not a guarantee for a mature technology.
In most applications utilizing the SMA technology, the sixth condition is not satisfied. The condition comprises a wide range of matters during the lifetime of the product. It regards environmental influences as well as operational conditions, degradation and retirement of the product. Regarding the operation and degradation, the complex behavior of the SMA is too difficult to control in a reliable way unless utilizing advanced feedback control (i.e. by using position and force sensing detectors).
It follows that the SMA technology is still not sufficiently mature to be considered as a sensitive choice of technology when designing new products. This statement is supported by the findings from section 2, stating that poor material property information might result in a rejection of technical solutions based on.the shape memory effect already in the conceptual design phase. Also, the results from the international survey indicate that the use of SMAs in engineering design normally involves inefficient techniques based on trial and error and that the alloys to be utilized often are developed in parallel with the development of the product. On the other hand, the findings above provide fundamental guidelines on how the SMA technology should be developed so as to provide a safe and realistic alternative to other technologies.
Recommended actions
Provided that the requirements 11, 12, P2, M2, Dl, D2, S1 and S2 in table 1 are fulfilled, the SMA technology will satisfy all the conditions constituent of a mature technology. These requirements are discussed in more detail below. An essential activity, occurring throughout the engineering design process, concerns design analysis with respect to material properties, dimensions, form and expected performance. No analysis can be performed unless reliable material properties (I1) and proper material behavior models, such as reliable constitutive equations (P2), are available. Obviously, the material property information must include all aspects that might affect the functional as well as structural behavior. For instance, the influence of shape, dimension and thermomechanical history has to be fully documented.
Items 11, P2, M2, S1, and S2 are highly mutually dependent. The material properties cannot be considered reliable and constitutive equations are not relevant unless the demands on stable material properties (M2), standardized materials (S1) and standardized methods for testing phenomenological properties (S2) are satisfied. This indicates that the need for research that provide materials with stable and standardized material properties, as well as test methods for testing phenomenological properties, is more urgent than efforts to provide a wide range of commonly available materials (MI). Standardization should be made gradually, starting with the test methods and a few materials suitable for the most frequent applications. If metallurgical aspects obstruct the possibility to develop more stable materials, more research must be directed towards controlling the behavior of the application during the life of operation (O1).
Before the fifth condition set out by the technology readiness assessment can be satisfied, more detailed descriptions of product development projects must be made available in literature (I2). Obviously, it is better to disclose some competition advantages than to risk the entire technology to fade out due to bad experiences. This is also valid for item D2, termed design guidelines. Such guidelines should be based on experiences gained from projects involving utilization of SMAs.
An important condition for the designer to utilize design tools (Dl) is that these are compatible with general design procedure models, design methods and design techniques. Such models, methods and techniques do not involve utilization of immature technologies. In the light of the discussion above, it might be argued that the need for design tools is less urgent than the need for standardized materials with relevant and reliable material properties. Further, although the requirements 13, P1 and S3 are of less fundamental importance than the ones outlined above, these might serve as good guidelines for the future development of a more effective and efficient SMA technology.
Provided that the fundamental requirements outlined above are satisfied, the designer will be able to analyze concepts based on the shape memory effect and evaluate these against concepts based on other physical effects.
The establishment of a better knowledge in early design phases cannot be limited to the shape memory element alone -it must also include upgraded knowledge about the components with which the element is to interact. For instance, if a tube coupling device is to be designed for a corrosive environment, selection of a working principle based on the shape memory effect also stipulates the type of tube material, which must be compatible with the element with respect to corrosion resistance.
If a working principle based on the shape memory effect is chosen without first upgrading the knowledge about the interacting parts, information gained in the latter design phases might prove that the working principle proposed is not satisfactory and must be changed through a time-consuming iteration to the design phase in which the working principle originally was established. This shows that the problems of utilizing SMAs in engineering design do not only revolve around the SMA itself, but rather around a wide range of effects influencing both the SMA and its design environment. consequently, when utilizing a SMA, the designer al-ways must start at a very detailed level of knowledge. This fact cannot be overcome by introducing new design procedure models, as indicated in D3. This requirement therefore should be considered as an expression of frustration rather than a foundation for future research.
CONCLUSIONS
Utilization of SMAs in engineering design has been studied from the viewpoint of engineering design and an international survey. In the light of a common evaluation technique of the maturity of new technologies, it is shown that the SMA technology is still not sufficiently mature to be utilized on a broad base for engineering design purposes. It is shown that to upgrade the SMA technology to a mature technology, major research efforts must be aimed at providing: materials with stable, reliable and standardized material properties, as well as constitutive equations, in a form that fulfills the needs of the engineering designer, literature offering more detailed descriptions of product development projects in which SMAs successfully have been utilized, design tools describing the functional behavior of SMAs, special design guidelines on how to handle the complex behavior of SMAs, and standardized methods for testing phenomenological properties.
The results of the study support the fact that research on SMAs so far mainly has been conducted with focus on metallurgical properties. Moreover, it is concluded that the conditions for utilizing SMAs must be improved through a closer collaboration between researchers from the fields of material technology and engineering design.
